More than 30 years after licensure, pneumococcal polysaccharide vaccine (PPV) is now given to two-thirds of elderly people in the United States ( figure 1) [1] . Fairly consistent results from observational studies have demonstrated that PPV reduces the risk of invasive pneumococcal disease (IPD) in immunocompetent older adults (table 1) [16] . However, questions remain regarding the degree to which the vaccine's effectiveness against IPD varies by age of recipient, time since vaccination, and the presence of underlying disease and, in particular, whether PPV prevents nonbacteremic pneumococcal pneumonia. The value of revaccination is also uncertain. Moreover, the changing epidemiology of IPD following the introduction of the 7-valent pneumococcal conjugate vaccine (PCV7) in children has altered the vaccine-preventable disease burden in older adults and, correspondingly, the potential magnitude of the benefit of PPV. Finally, newer vaccines, such as PCVs [17, 18] or those employing serotype-independent antigens, offer the potential to provide clinical protection against pneumococcal infection in the growing population of older adults in the 21st century.
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The licensure of a 14-valent PPV in the United States in 1977 (replaced by the current 23-valent formulation in 1983) was supported primarily by the results of clinical trials conducted among a unique population of young adults with very high rates of pneumococcal infection, gold miners in South Africa [19, 20] . These results are not necessarily generalizable to older adults and persons with chronic illness. For this reason, evidence regarding vaccine effectiveness in groups targeted for vaccination in the United States and other developed countries is derived from studies conducted or reported after PPV was licensed. Those studies have included observational studies, such as case-control and cohort studies, most of which have assessed vaccine effectiveness against the outcome of IPD (defined by isolation of Streptococcus pneumoniae from a normally sterile site, such as the bloodstream or CSF), as well as clinical trials, which have typically evaluated the more common but less specific outcome of all-cause pneumonia.
Effectiveness against IPD. The ∼24,000 cases of IPD yearly among adults aged у50 years in the United States result in 4500 deaths [21] . Observational studies provide fairly consistent support for the effectiveness of PPV in reducing the risk of IPD in immunocompetent older adults (table 1) . These data provide the basis for the recommendations to administer PPV to older adults and adults with chronic illness. The largest casecontrol study of PPV effectiveness was reported by Shapiro et al. [5] and evaluated a total of 983 cases of IPD; the study identified a 56% reduction in the risk of IPD due to the vaccine serotypes of S. pneumoniae among immunocompetent older adults, which is consistent with the results of most other casecontrol and cohort studies performed among older adults [7, 9, 12] , as well as those of a study that employed a novel indirectcohort methodology [6] . In contrast, observational studies involving immunocompromised older adults, who are at a greatly increased risk of IPD (figure 2) [22] , do not support a protective effect of PPV against IPD.
Among immunocompetent older adults, vaccine effectiveness may decrease both with age and with time since vaccination, as demonstrated in the study by Shapiro et al. ( figure  3 ) [5] . However, in a large, indirect-cohort study that included primarily adults 150 years of age, vaccine effectiveness was stable over time [6] . Although the results provided by these 2 studies are inconsistent, because pneumococcal capsular antibody levels decrease substantially with time from vaccination and because decreases in clinical efficacy over time have been demonstrated with other unconjugated polysaccharide vaccines, it can be postulated that the clinical effectiveness of PPV in older adults also diminishes over time.
Effectiveness against all-cause pneumonia. Nonbacteremic pneumonia comprises the majority of morbidity and mortality associated with pneumococcal disease. In older adults, pneumococcal bacteremia is usually associated with pneumonia, but only 10%-15% of all cases of pneumococcal pneumonia are associated with documented bacteremia. Overall, S. pneumoniae is believed to be the leading cause of communityacquired pneumonia in older adults. Because community-acquired pneumonia is common, with ∼915,000 cases per year in the elderly population in the United States [23] , the burden of nonbacteremic pneumococcal pneumonia is substantial. Determining the efficacy of PPV against nonbacteremic pneumococcal pneumonia is of considerable clinical importance, but these efforts have been complicated by the limitations of available diagnostic tests for accurately defining the etiology of nonbacteremic pneumonia. Thus, for most of the clinical trials performed, the primary outcome has been all-cause pneumonia.
Among 6 clinical trials that evaluated vaccine effectiveness against all-cause pneumonia in older adults (table 2) [24] [25] [26] [27] [28] [29] [30] , only 1 [25] demonstrated a reduction in risk in the group that received PPV. That study, which evaluated residents of longterm care institutions in France, did not include a placebo group, and neither subjects nor investigators were blinded to vaccine assignment. Those limitations of the study design have raised questions regarding the validity of the findings [16, 33] . None of the other 5 trials, including an NIH-sponsored trial involving 13,600 older adults [24] and a trial in Finland involving 26,925 elderly adults [29] , have demonstrated a significant vaccine-associated reduction in risk of all-cause pneumonia. Many of the trials also evaluated an end point of pneumococcal pneumonia, which was variably defined depending on the trial. However, none found a significant difference in the risk of pneumococcal pneumonia in prespecified analyses of all subjects. The clinical trial results suggest that PPV is not highly effective against nonbacteremic pneumococcal pneumonia but leaves open the possibility that the vaccine does lead to a reduction in risk of pneumococcal pneumonia that is not reflected by a detectable difference in risk of the broader outcome of all-cause pneumonia evaluated in the trials.
In contrast with the clinical trials, observational studies that evaluated vaccine effectiveness against all-cause pneumonia have yielded somewhat conflicting results. Neither a cohort study involving 47,365 older adults in a health maintenance organization in Washington State [9] nor a case-cohort study of elderly patients in Australia [34] identified a reduction in the risk of pneumonia associated with vaccination. In contrast, a cohort study involving 11,241 older adults in Spain reported that PPV was associated with reductions in the risk of all community-acquired pneumonia, hospitalization with communityacquired pneumonia, and pneumonia mortality [13] . Although a study involving 1898 elderly individuals with chronic lung disease in Minnesota reported a 43% reduction in the risk of pneumonia hospitalization and a 29% reduction in the risk of all-cause mortality [35] , an assessment of the subgroup of 1298 older patients with lung disease from the cohort evaluated in Spain did not find a significant reduction of the risk of pneumonia with vaccination [36] . Thus, observational study assessments of the association of PPV with risk of all-cause pneumonia do not provide consistent support for vaccine effectiveness. [38] . During this interval, rates of IPD due to some non-PCV7 serotypes have increased modestly, including rates of disease due to serotypes included in PPV (especially 19A [39] ) and serotypes not present in either vaccine (such as 23A). However, the overall effect of these changes is that the rate of IPD due to the 23 serotypes of S. pneumoniae represented in PPV has decreased in older adults, from 51.7 cases per 100,000 population during 1998-1999 to 26.9 cases per 100,000 population in 2004. Assuming that the reductions in disease risk in the elderly population following PCV7 introduction in children are attributable to decreases in the transmission of PCV7 strains in the population, the magnitude of the potential benefit derived from PPV in older adults has also decreased, because older adults are now at lower risk of acquiring disease due to the PCV7 strains. This also implies that previous estimates of the cost-effectiveness of PPV ad- ministration in elderly adults [40] may need to be updated to reflect the current epidemiology of vaccine-preventable disease.
CHANGING EPIDEMIOLOGY OF IPD

CONSIDERATIONS FOR REVACCINATION
Revaccination is attractive, because unconjugated polysaccharide vaccines likely do not confer long-lasting protection, and the incidence of IPD among adults increases dramatically with age; there is a 3-fold increase in adults aged у85 years, compared with adults aged 65-74 years [21] . The Advisory Committee on Immunization Practices recommendations for revaccination indicate that all elderly adults should receive a dose of PPV on or after their 65th birthday (and at least 5 years after an earlier dose for those vaccinated prior to 65 years of age), but they do not recommend that 11 PPV dose be given after the 65th birthday [41] . The policy of a single PPV for older adults has important implications, as reported in a modeling study by Fry et al. [42] . They assumed that 1-time vaccination of immunocompetent adults 65 years of age is associated with a vaccine effectiveness against IPD of 75% in the 5 years after vaccination, 37% in the next 5 years, 18% in the 5 years after that, and 0% thereafter. In addition, 85% of IPD in older adults was assumed to be due to PPV serotypes, and vaccine effectiveness was assumed to be 0% for immunocompromised persons. In this model, an ongoing strategy that achieved vaccination of nearly all (90%) of the adults 65 years of age in the United States would prevent only 21% of cases of IPD in persons у65 years of age, most of which would be prevented in the first 5 years after vaccination. If effective, revaccination would increase the proportion of IPD cases prevented by vaccination. Current recommendations for revaccination reflect the uncertainty in estimating the benefit of revaccination. This uncertainty stems, in part, from concern that vaccination with unconjugated pneumococcal polysaccharide antigens may induce hyporesponsiveness on rechallenge. Several studies have documented that elderly patients who are given a second dose of PPV у4 years after an initial vaccination demonstrate a significant increase in serotype-specific anticapsular IgG antibody levels after the second vaccination [17, 43] . As summarized in an excellent recent review [44] , there is concern that, although revaccination leads to an immunological response, administration of a first dose of unconjugated polysaccharide vaccine may blunt the immune response to subsequent doses. If this occurs, the lower antibody levels generated by a second vaccination, compared with those levels generated by the first vaccination, may potentially be associated with a corresponding decrease in the magnitude of clinical protection provided by revaccination.
Hyporesponsiveness may occur after administration of PPV in adults. In a longitudinal study involving 61 elderly individuals who received a second PPV dose an average of 5 years after a first dose, the serotype-specific antibody concentrations were consistently lower after the second vaccination, compared with after the first vaccination (figure 5) [43] . Moreover, in a recent clinical trial of PCV7 in elderly individuals, those who received PCV7 1 year after receiving PPV had lower postvaccination ELISA geometric mean concentrations and functional opsonophagocytic activity geometric mean titers than did PPVnaive older adults who were given PCV7 as their first pneumococcal vaccination [18] . The results from that trial suggest that administration of PPV blunted the immune response to PCV7 administered 1 year later. Whether the hyporesponsiveness induced by PPV may decrease with time after vaccination is not well defined.
The clinical significance, if any, of lower antibody levels after a second PPV dose, compared with those after a first PPV dose, Figure 5 . Geometric mean concentrations (GMCs) of serotype-specific antibodies measured by use of ELISA in adults у50 years of age who were observed through their first and second pneumococcal polysaccharide vaccinations. Note that the y-axis scale for serotype 14 differs from that for the other serotypes. Column indicators are defined as follows: A, before first vaccination; B, 4 weeks after first vaccination; C, one year after first vaccination; D, immediately prior to revaccination 4-7 years after first vaccination; E, 4 weeks after revaccination. Data adapted from Torling et al. [43] .
is difficult to judge, because there is no immune correlate of protection for pneumococcal infection in adults. It would, therefore, be helpful to know whether the clinical effectiveness of a second PPV dose is lower than that of a first PPV dose; however, such studies are difficult to conduct, because IPD is a relatively uncommon outcome, and most adults receive only a single PPV dose. Two studies conducted in special populations with relatively high rates of revaccination have assessed the effectiveness of revaccination, but the limited data do not provide conclusive results. The first study, an indirect-cohort study of native Alaskan adults, reported similar point estimates of vaccine effectiveness (VE) for first vaccination (VE, 75%; 95% CI, 19%-92%) and revaccination (VE, 74%; 95% CI, !0% to 94%), although the estimates for revaccination were not statistically significant [14] . The second study, a case-control study of the risk of IPD in Navajo adults, reported that revaccination was not associated with a reduction in the risk of IPD (VE, 40%; 95% CI, Ϫ27% to 72%), but that study also did not document an overall effectiveness of PPV, and the estimate of effectiveness following revaccination was not significantly different from that following any vaccination [8] .
Finally, despite earlier reports of a greater-than-expected frequency and severity of local injection site reactions in healthy children and adults after revaccination, more-recent studies involving older adults indicate that a second vaccination given у5 years after a first vaccination is well tolerated [43, [45] [46] [47] . Although local reactions are more common after a second PPV dose in older adults, they are generally mild and self-limited [48] . The available data from 2 retrospective studies also indicate that a third PPV dose is not associated with an increased risk of medically attended adverse events in adults [49, 50] .
PCVS
The remarkable success of pneumococcal polysaccharide protein conjugate vaccines among young children [51, 52] has led to renewed interest in the possible use of these vaccines in older adults. Although evaluations of earlier PCV formulations did not consistently demonstrate higher antibody responses to PCV in older adults, compared with responses to PPV [53] , morerecent evaluations of the licensed PCV7 formulation have shown such differences. A clinical trial comparing PPV with PCV7 in pneumococcal vaccine-naive adults aged у70 years found consistently higher ELISA geometric mean concentrations and opsonophagocytic activity geometric mean titers to the 7 serotypes of S. pneumoniae common to both vaccines after PCV7 administration [18] . In addition, although antibody levels decreased in the year after PCV7 administration, administration of a second PCV7 dose 1 year after the first dose led to an increase in antibody levels to values that were comparable with those achieved after the first immunization.
Another trial compared the response to varying dosages of PCV7 with the response to PPV in adults у70 years of age who had received PPV at least 5 years earlier [17] . There was little difference in immunological response to the standard pediatric dose of PCV7, compared with the response to PPV. However, there was a dose response to PCV7, and elderly individuals who were given twice the standard dose of PCV7 had a greater immune response to most of the PCV7 serotypes, compared with the individuals in the PPV group.
Possible advantages of PCVs in elderly adults may include higher levels of protection against the vaccine serotypes after vaccination and the ability to prolong the duration of protection by use of repeated vaccinations over time. The effectiveness of PCVs against pneumonia in children also raises the possibility that PCVs may protect against nonbacteremic pneumococcal pneumonia in adults. A limitation of PCVs, however, is that fewer serotypes are included in those vaccines than in PPV. A 13-valent PCV, which offers greater serotype coverage than PCV7, is currently being evaluated in clinical trials [54, 55] . However, if the routine use of this vaccine in children is associated with a herd immunity effect similar to that seen with PCV7, then the potential impact of direct vaccination of adults would be diminished. In that circumstance, the magnitude of the direct benefit from vaccination of adults would depend on the degree to which adults remained at risk for vaccine-preventable disease.
Serotype replacement, in which decreases in disease due to vaccine-type S. pneumoniae are counterbalanced by increases in disease due to non-vaccine serotypes, may also limit the impact of vaccines based on the capsular polysaccharides. This limitation would not be mitigated by enhancing vaccine potency by the use of more-effective adjuvants or by increasing the duration of protection by repeated vaccination. The impact of serotype replacement may potentially be overcome by use of a broader range of bacterial antigens and engagement of innate receptors and alternate mechanisms of defense, stimuli which may more fully recapitulate natural immunity against pneumococcal disease. Earlier vaccines that protected otherwise healthy but high-risk South African gold miners against pneumonia [19, 20] may have retained noncapsular antigens that are purified out of the current vaccine preparations. Indeed, antibodies that are elicited by colonization [56] to surfaceintercalated proteins are associated with reduced carriage in mice and experimental colonization in humans [57] . Moreover, common pneumococcal proteins identified very recently by exploiting molecular microbiological and immunological techniques suggest intriguing new vaccine directions [58] . Engagement of innate immune receptors, such as toll-like receptors, by shared pneumococcal antigens, such as pneumolysin and cell wall polysaccharide that serve as both specific antigens and adjuvants, may enhance and broaden the protective response [59] . Pneumococcal pili and lysins provide other potential vaccine possibilities, as does induction of non-antibody-mediated CD4 + T cell-dependent mechanisms [60, 61] . Thus, integration of bacterial genomics, clinical and experimental animal and human immunology, and functional outcomes are providing new options for vaccine development, even while capsule-based vaccine development efforts are striving to improve serotype coverage, immunogenicity, and duration of response. In summary, the decrease in rates of pneumonia [62, 63] and IPD among young children after the introduction of PCV7 indicates that eliciting protective immunity against invasive and noninvasive pneumococcal infections by vaccination is a realistic goal. The unconjugated polysaccharide vaccine has reduced the risk of IPD among older adults, and protein-conjugated vaccines have provided substantial direct benefits to children and indirect benefits to adults. Future opportunities to further reduce the risk of pneumococcal infections in adults will depend on advances in our understanding of the mechanisms of protective responses to S. pneumoniae in the systemic and, particularly, in the respiratory mucosal compartments. Elucidating and overcoming the limitations in immune responses imposed by advanced age, environmental injury (e.g., smoking), and underlying disease (e.g., malnutrition, organ dysfunction, cancer, and immunosuppressive therapy) will guide development of vaccines that can elicit more robust primary and memory responses in the bloodstream and lung in individuals with the greatest attendant morbidity and mortality from pneumococcal infection, our elderly adults.
